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marina, were randomly collected and incubated on agar slants (Moens & Vincx, 1998) . 151 Nematodes were subsequently allowed to colonize the agar for about two days, during which 152 they were able to feed on the natural bacteria associated with the Fucus fragments. No E. coli 153 was added to these agarslants. After two days, specimens belonging to the L. marina 154 speciescomplex were identified under a dissecting microscope using diagnostic 155 morphological characters (Inglis & Coles 1961) and handpicked from the agar with a fine 156 needle. All worms were digitally photographed using light microscopy, and stored 157 individually in 70 -95 % acetone until processed. Specimens were then assigned to cryptic 158 species based on the COI genotyping from the population genetic survey (Derycke et al. 159 2006). We randomly selected six nematode specimens each of Pm1, Pm2 and Pm3 from the The bacterial communities associated with the six specimens from each of the three co-181 occurring nematode species Pm1, Pm2 and Pm3 were characterized through amplification of 182 a portion of the 16S rRNA gene using the DNA extracts from the previous study. The 16S 183 rRNA gene was amplified using primers 968F and 1401R (Zoetendal et al. 1998) . 184 Amplification was done in 50µl reactions containing 37.3 µl water, 5 µl buffer (10X), 1 µl 185 dNTPs (10mM each), 2 µl of each primer (10 μM) 0.2 µl Toptaq polymerase (Qiagen) and 2.5 186 µl DNA. Cycling conditions consisted of an initial denaturation of 2 min at 95°C, followed by The raw datasets from the two runs were filtered and denoised with FlowClus (Gaspar & 204 Thomas 2015), a program that uses the flow information in the sff.file to screen and correct 205 errors. FlowClus is available for downloading at http://sourceforge.net/projects/flowclus/.
206
Primers and barcodes were removed from the sequences and the reverse complement was 207 taken of the reverse sequences. Filtering involved removal of sequences that were outside the 208 200 -1000 bp range, had an average quality less than 25, or contained more than six 209 homopolymers. Denoising was chosen with a constant value of 0.5. Chimera's were detected 210 using Uchime without reference database (Edgar et al. 2011 ) and removed from the dataset.
211
The sequences were then processed using QIIME 1.9.0 (Caporaso et al. 2010) . Forward 212 sequences from both runs were merged to create a dataset with only forward sequences. The 213 reverse sequences from both runs were also merged to create a dataset with only reverse 214 sequences. Unlike for the paired-end reads generated with Illumina, the forward and reverse 215 datasets generated by the 454 protocol cannot be merged because forward and reverse reads 216 are not generated from the same PCR molecule. Therefore, the resulting forward and reverse 217 datasets were independently clustered into OTUs with 97% similarity using an open-reference 218 OTU picking strategy. OTUs that were only observed once in the total dataset were removed 219 because these are most likely to represent sequencing errors or rare variants within genomes.
220
Default settings of QIIME 1.9.0 were used, except for the subsampling in the open reference 221 OTUs obtained for each of the 18 specimens is summarized in Appendix S3 in Supporting 223 Information.
224
Taxonomy was assigned up to species level using the assign_taxonomy.py script and the 97% 225 taxonomy and OTU files of the Greengenes 13.8 database, using the default settings of the 226 Uclust algorithm as implemented in QIIME. When no hit was observed, OTUs were labeled 227 as 'Unassigned'. The taxonomic compositions associated with each of the three nematode 228 species were visualized through bar graphs in excel using the unrarefied dataset for both F 229 and R datasets.
230
Diversity within and between the three cryptic species was compared. To account for 231 differences in number of sequences for each specimen, the dataset was rarefied at 600 232 sequences per specimen for each dataset. This number was slightly lower than the lowest 233 number observed in our samples (626 for the Forward dataset, 643 for the Reverse dataset, 234 see Appendix S1). Alpha diversity (Shannon Wiener, observed OTUs, Good's coverage) was 235 calculated using alpha_rarefaction.py in QIIME. Rank abundance graphs were constructed to 236 explore the abundance of OTUs associated with each nematode specimen. Generalized 237 UniFrac distances (α = 0.05) (Chen et al. 2012) were calculated with the GUnifrac package in 238 R (Team 2008) . Permanova was conducted on these UniFrac distances with species as 239 grouping variable using the Adonis package in R. Permdisp and pairwise difference tests were 240 also performed in R. Principal coordinates analysis (PCoA) plots were generated to visualize 241 intra-and interspecific differences between the treatments using the Ade4 package in R. In 242 addition, we investigated whether differences between species were caused by differences in 243 rare OTUs, by constructing a dataset with only those OTUs that had at least 108 sequences 244 (i.e. 1% of the rarefied dataset, which contained 18*600= 10800 sequences). This resulted in a 245 forward and reverse dataset containing 18 OTUs with a frequency higher than 1%. Statistical 246 analyses on these datasets were perfomed as described above.
247
To investigate whether each of the nematode species had bacterial OTUs that were present in 248 all specimens of that particular species (= the core microbiome of each species), we ran the 249 compute_core_microbiome.py script. The frequency of the core OTUs in each specimen was 250 visualized using the sequence counts from the rarefied biom table. Because many bacterial 251 strains show a lower than 3% divergence, we investigated whether the core community would 252 be impacted by clustering OTUs at 99% instead of 97%. For this, we reran the open-reference 253 OTU picking strategy for the reverse dataset using a similarity of 99%. Taxonomic 254 assignment was done using the 99% taxonomy and OTU files of the Greengenes 13.8 255 database. All other settings and parameters and core microbiome analysis were identical as 256 mentioned above.
257
Biomarker taxa that are most likely to explain differences in microbiome between the three 258 nematode species were assessed using the Linear discrimant analysis Effect Size (Segata et al. 259 2011) module as implemented in Galaxy (https://huttenhower.sph.harvard.edu/galaxy).
260
Default settings were used, and species were selected as Class and specimens as subjects. We 261 used the rarefied reverse dataset clustered at 97%.
262
Food experiment 263 To investigate whether the bacterial communities associated with the nematodes were part of 264 the diet, living worms of Pm1 and Pm3 were subjected to two different food treatments: an gene amplification to pinpoint the bacteria that are able to grow on the culture medium.
285
Nematodes were allowed to feed on the bacteria for two days, after which ten nematodes per 286 treatment were picked out and quickly washed in cold sterile ASW to remove most of the 287 adherent bacteria. Subsequently, they were put individually in 20µL WLB for DNA 288 extraction. The DNA extraction was the same as described for the field specimens. For the 289 pure bacterial mixture a DNA clean-up (Wizard) was necessary after the DNA extraction, due 290 to the high salt concentration in the solution. In total, 46 DNA extracts were prepared (10 for 291 each of the four food treatments, 2 from the agar from each stock culture, and 2 from the 292 bacterial mixture). an initial denaturation of 30s at 98°C, followed by 35 cycles of 98°C for 10s, 65°C for 30s, 305 72°C for15s, and a final extension of 72°C for 10 min. Samples were amplified in triplicates.
306
Three samples were randomly chosen in which the triplicates received different barcodes to 307 allow investigation of PCR cycle bias. We did detect some PCR bias, but most OTUs were were calculated in R as described above. The technical replicates that received a different 331 barcode to investigate PCR bias were merged into a single sample for alpha and beta diversity 332 analyses. The rarefied dataset was also used to identify biomarker taxa between Pm1 and Pm3 333 related to resource use using species as class, food treatment as subclass and specimens as 334 subjects. Default settings were used.
335
The E. coli samples were separately analysed from the first MiSeq run, but the same 336 assemblage, filtering, trimming, OTU clustering and taxonomic assignment procedures were 337 used.
338
Scanning Electron Microscopy (SEM) 339 In our previous study, all specimens were photographed digitally prior to the DNA extraction 340 to have a morphological reference before being stored in acetone. To assess the abundance of the phylum level for the forward dataset can be found in Appendix S5.
359
The microbiomes of all three nematode species were dominated by the phylum Proteobacteria 360 (53%, 70% and 73% for Pm1, Pm2 and Pm3, respectively). The phyla Bacteroidetes (10%, 361 14% and 1.8% for Pm1, Pm2 and Pm3, respectively) and Actinobacteria (17%, 6% and 5% 362 for Pm1, Pm2 and Pm3, respectively) were the second and third most abundant group of 363 bacteria, which were found in nearly all specimens (17 and 18 of the specimens, respectively).
364
The Verrucomicrobia were present in 5 of the 6 specimens of Pm3 with an average relative 365 frequency of 16%, whereas its frequency in Pm1 and Pm2 was less than 1% and 4%, 366 respectively and in 4 and 2 of the 6 specimens, respectively. The Firmicutes group was 367 present in all 18 specimens in similar frequencies (2.1%, 3.6% and 3.8% in species Pm1, Pm2 368 and Pm3 respectively). In total, 79 OTUs were unassigned, but nearly all of them had a 369 relative frequency of less than 1% and their total abundance reached 9.9%.
370
New.ReferenceOTU30 was prominent in Pm1 (12 % in the rarefied dataset), but only in one 371 replicate. Within the phylum Proteobacteria, the Gammaproteobacteria dominated the 372 microbiomes of Pm1 (82.7%) and Pm2 (72.7%) and to a lesser extent the microbiome of Pm3 373 (46.4%) ( Fig 1A) and contained 57 taxa from 22 known families ( Fig 1B) . The
374
Alteromonadaceae and Moraxellaceae were amongst the most abundant families shared 375 between the three species and were especially abundant in Pm3 (12.6% and 15.5%) (Fig1B).
376
The Alphaproteobacteria formed the second most abundant class within the Proteobacteria, 377 and represented 9.6%, 18.1% and 44.2% of the assigned taxa of Pm1, Pm2 and Pm3, 378 respectively ( Fig 1A) . This group comprised 44 taxa belonging to 15 known families, of 379 which the Caulobacteraceae, Rhodobacteraceae and Sphingomonadaceae were the most 380 abundant ( Fig 1C) . Especially the latter family was much more abundant in Pm3 (20.7%) than 381 in Pm1 (1.8 %) and Pm2 (1.7%) but this was caused by a high abundance in one specimen 382 (175Pm3, Fig 1C) . The Beta, Delta and Epsilon Proteobacteria were only poorly represented, 383 and contained 28, 10 and 2 taxa, respectively.
384
Within the phylum Actinobacteria, more than 99% of the taxa belonged to the Actinobacteria 385 class, within which 17 families were assigned (Fig 2A) . Two families, the Corynebacteriaceae 386 and the Microbacteriaceae, were prominent in all three nematode species. The high abundance 387 of the Microbacteriaceae in Pm1 was mainly caused by a high abundance in a single specimen 388 (145Pm1, Fig 2A) . 389 Within the phylum Bacteroidetes, two classes encompassed more than 99% of the assigned Forward and Reverse datasets. Curves were still increasing at a sampling depth of 600 400 sequences per nematode specimen (Fig 3a, appendix S5) . In contrast, the Shannon diversity 401 measure quickly reached a plateau (Fig 3b, appendix S5 ), suggesting that many OTUs occur 402 in very low frequencies. This was confirmed by the rank abundance plot, which illustrates that 403 only a few OTUs have relative abundances higher than 0.1, while many OTUs have very low 404 relative abundances (Appendix S6).
405
Beta diversity of field specimens 406 Permanova based on the Generalized Unifrac distances showed significant differences 407 between the microbial communities of the nematode species for both Forward and Reverse 408 datasets and with or without inclusion of rare OTUs (Table 1) . Post hoc tests revealed that 409 these differences were situated between Pm1 and Pm3, regardless of the dataset used. The six 410 specimens within species did, however, show substantial variability (Fig 4, appendix S5 ). The 411 non-significant PERMDISP results (Table 1) indicated that intraspecific differences were 412 comparable for each of the three species.
413
The core microbiome of field specimens 414 Despite the high number of OTUs observed for each nematode species (see Appendix S3), 415 none of them were shared between all 18 specimens. The core microbial community for each 416 species consisted of very few OTUs (5, 5 and 2 OTUs for species Pm1, Pm2 and Pm3 in the 417 Forward dataset, respectively, and 5, 6 and 4 OTUs for species Pm1, Pm2 and Pm3 in the 418 Reverse dataset, respectively; see Appendix S7). Frequencies of the core communities were 419 overall low in each of the 18 specimens, but 4 and 6 core OTUs of the forward and reverse datasets respectively reached frequencies higher than 1% ( Fig 5) . The core communities of 421 species Pm1 and Pm2 were also present in the other species, while the core community of 422 species Pm3 was nearly absent in the two other species. Permanova on the generalized unifrac 423 distances yielded only borderline (non) significant differences between the three species 424 (Reverse dataset: F = 2.40, p = 0.058; Forward dataset: F = 2.94, p = 0.048), suggesting that 425 the core communities were phylogenetically similar to each other. Small differences in 426 taxonomic composition were however present (Appendix S7). OTU clustering at 99% slightly 427 increased the number of core OTUs (8 vs 5 for Pm1, 6 vs 6 for Pm2 and 5 vs 4 for Pm3) 428 which was mainly due to an increase of OTUs identified as Moraxellaceae. Taxonomic 429 composition was very similar to that observed with 97% clustering (Appendix S7). To investigate whether the observed differences in the microbiomes of Pm1 and Pm3 were 443 related to selective feeding, we performed a food experiment in which both species were 444 offered E. coli or a diverse bacterial mix as food. The MiSeq protocol generated a much larger 445 number of sequences and OTUs per nematode specimen (Appendix S8) than the 454 protocol.
446
A detailed description of the taxonomic composition of the non-rarefied dataset of the food 447 experiment can be found in Appendix S9. The microbiomes of all samples were clearly 448 dominated by Proteobacteria and Bacteroidetes (Fig 1 in Appendix S9) . At the family level, 449 the microbiomes of the two food treatments showed some striking differences between each 450 other, but also between species: 1/ within Alphaproteobacteria, the microbiomes of Pm3 451 worms fed the bacterial mixture resembled the bacterial mixture, while the microbiomes of 452 the Pm3 worms fed E. coli contained a substantial amount of Rhodobacteraceae, which were 453 highly abundant in the Pm3 stock cultures ( Fig 6A) . In contrast, Pm1 worms showed very 454 similar compositions regardless of the offered food. 2/ Within Gammaproteobacteria, the 455 microbiomes of Pm1 and Pm3 fed the bacterial mix were similar to that of the bacterial mix.
456
The microbiomes of Pm1 and Pm3 worms fed E. coli resembled that of the stock cultures of 457 each species (Fig 6A) . Surprisingly, the worms fed E. coli treatments were not enriched for 458 Enterobacteriaceae. However, the E. coli suspension that was offered to the nematodes in the 459 E. coli treatments was dominated by Enterobacteraceae ( Fig 6B) . 3/ Within the Bacteroidetes, 460 all Pm3 worms were dominated by Saprospiraceae, the dominant family of the bacterial mix.
461
Abundances of this family were higher in the Pm3 worms fed the bacterial mix than those that 462 had been fed E. coli. For Pm1, taxonomic composition of both food treatments was 463 comparable ( Fig 6A) . 464 Alpha diversity of specimens from the food experiment 465 The average number of OTUs observed in the nematodes fed the bacterial mix was similar to 466 that in those fed E. coli (Kruskall-Wallis: df = 6, p = 0.08). Patterns of species diversity and 467 richness were very similar to the data on the field specimens: the number of OTUs was still 468 increasing at a sampling depth of 41000 sequences per treatment, the Shannon diversity 469 measure quickly reached a plateau, and the rank abundance plots again show that many OTUs 470 have very low relative abundances (Appendix S9). Four OTUs were highly abundant in the 471 Pm1 specimens from the E. coli treatment and are thus likely to be part of the microbiome 472 sensu stricto: Pseudoalteromonas (ca 98 000 reads), Agrobacterium (ca 69 000 reads), 473 Unassigned (ca 57 000 reads) and Winogradskyella thalassocola (ca 32 000 reads). When 474 blasted in Genbank, the unidentified OTU was most similar to an uncultured bacteria from a 475 water cave (accession number FJ604748.1). The most highly abundant Pm3E OTU (ca 150 476 000 reads) was the same unidentified OTU as for Pm1E.
477
Beta diversity of specimens from the food experiment 478 Permanova based on the Generalized UniFrac distances of the four food x species treatments 479 (Pm1B, Pm1E, Pm3B, Pm3E) showed significant differences between food (pseudo F1,39= 480 3.42; p=0.005) and species (pseudo F1,39= 10.97; p=0.001). The interaction between food and 481 species was only just significant (pseudo F1,39= 2.02; p=0.049). Pairwise comparisons were 482 all significant, except for Pm1B and Pm1E ( Table 2 ). The principal coordinates analysis 483 showed that species is the most important grouping factor (Fig 7) . Within each species, Pm1 484 showed high intraspecific variability in both food treatments, while intraspecific variability 485 for Pm3 was much lower in the treatment where they were offered a bacterial mix.
486
Homogeneity of dispersions was not achieved (p>0.05) for factor species, reflecting the high 487 variation within Pm1.
488
The core microbiome of specimens from the food experiment 489 Similar to the results of the field specimens, the fraction of OTUs shared between all 490 specimens was very low. In total, 41 OTUs were shared between all 46 samples of the food Permanova on UniFrac distances showed that food (pseudo-F1,39=3.59,p=0.008), species 496 (pseudo-F1,39=16.56, p=0.001) and the interaction food*species (pseudo-F1,39=2.46,=0.043) 497 were significant. All pairwise comparisons were significant, except for the two food 498 treatments of Pm1 (Table 2) . few bacteria, which were mainly located in the mid body region for the females, and in the 512 tail region for the males (see Appendix S12). The morphology of the attached bacteria was 513 quite uniform, suggesting a very low taxonomic diversity of the epibionts. The digital pictures 514 that were taken from the sequenced specimens seconds before transferring them into the WLB 515 further support that the bacterial densities and diversity on the cuticle of the three rhabditid 516 nematodes were low.
517

(d) Discussion
518
The nematode microbiome is highly diverse and species specific 519 Our data show that the bacterial community associated with the Litoditis specimens contains OTUs were also present in Pm2 (OTU310003 and OTU4449456) and were identified as Acinetobacter may be involved in differential abiotic tolerances for Pm3. All Pm2 core OTUs 548 were present in the two other species, and only one was identified as a biomarker for Pm2: 549 OTU200979 (Microbacterium). This OTU may thus potentially be involved in generating Sympatric, cryptic nematode species show differences in resource use 559 We hypothesized that the differences in the microbiomes 'sensu lato' between the nematode 560 species were linked to differential resource use, as all three species are bacterivorous. We 561 expected to find many more OTUs in the worms that had been feeding on the bacterial mix 562 compared to those that had been fed E. coli. This appeared not to be the case, but there was a 563 significant food effect (Table 2) OTUs versus 552 OTUs for the E. coli suspension, appendix S8). OTUs showing higher 575 abundances in the cultures did not result in a higher abundance in the microbiome and vice 576 versa. Moreover, the microbiomes of specimens fed with E. coli resembled the one of the 577 stock cultures, and their intestinal colour clearly indicated that they were actively feeding to a 578 similar extent as the specimens in the bacterial mix treatment, adding support to the idea that 579 the worms in the E. coli treatments had a much more diverse food source than anticipated.
580 Surprisingly, we did not find an increase of Enterobacteraceae in the specimens fed E. coli. 581 Yet, the E. coli suspension was clearly dominated by Enterobacteraceae (Fig 6B) , providing 582 evidence that our methodological approach was able to identify the E. coli sequences. The E. was absent when the worms were offered the growth medium of that same bacterial mix 589 without cells despite the fact that this medium was much more heavily labeled than the 590 bacterial cells (Moens, unpublished data) . This suggests that the nutrient rich "soup" provided 591 by the E. coli suspension can stimulate extensive growth of other bacteria from the worm 592 microbiome and that the soup itself was not ingested by the worms.
593
The food experiment further showed that the microbiome of Pm1 did not differ according to 594 food type, while that of Pm3 did. This result can be explained by two non-mutually exclusive 595 scenarios: 1/ the Pm3 microbiome 'sensu stricto' (Pm3E) differs considerably from the 596 bacterial mixture while the Pm1 microbiome 'sensu stricto' (Pm1E) is similar to the bacterial 597 mixture. Feeding of Pm3 on the bacterial mix would then lead to significant differences 598 between Pm3E-Pm3B but not between Pm1E-Pm1B. Comparison of the number of OTUs 599 shared between the E. coli fed specimens and the bacterial mix do not support this hypothesis, 600 since Pm3 specimens typically show a higher number of shared OTUs with the bacterial mix 601 than Pm1 specimens (Appendix S13); 2/ the two species show different feeding behaviors 602 with Pm3 feeding more selectively on a smaller portion of the bacterial mixture, while Pm1 603 feeds on a much wider range of bacterial strains from the mixture. This hypothesis is 604 supported by the larger variability between individual Pm1 specimens that were fed the 605 bacterial mix compared to the much smaller interindividual variability in Pm3 (PCoA plot, 606 Fig 7) and by the higher number of biomarker taxa identified in Pm1 compared to Pm3 607 (Appendix S11), indicating that Pm3 is a much more selective feeder than Pm1. We also 608 found a significant species effect ( Table 2 ), suggesting that Pm1 and Pm3 were feeding on 609 different bacterial species. Since the Pm1 and Pm3 nematodes from the food experiment have 610 been kept for several generations under controlled abiotic conditions, the biomarker taxa 611 revealed by the LeFSe analysis are likely linked to differential resource use of the two 612 species. The individual differences in bacterial diet cannot be linked to particular life stages or 613 certain ecological morphs since we only selected adult specimens for our population genetic Microbacterium was present in all three nematode species, and also different Acinetobacter 621 OTUs were found in all three nematode species, suggesting that these types of bacterial 622 strains can be ingested by all three species and that size selection through feeding may not be 623 an important mechanism to explain the different abundances of these core OTUs. Instead, the 624 high variability among individuals implies that there are constraints in resource use that 625 prevent individuals from using the whole range of available resources. These constraints may 626 act at the individual level (e.g. uptake ability, morphology, behavior), but probably more so at isolated. The microbiomes of Pm1 and Pm3 from the field were clearly different from each 639 other, and the food experiment shows that these differences are linked both to the feeding 640 activity of the species but also to the presence of a nematode species specific microbiome.
641
Pm1 and Pm3 specimens more often co-occur in the field than Pm1 with Pm2 or than Pm3 642 with Pm2 (Appendix S1). These data agree well with the ecological theory of resource imply that differential responses to abiotic environmental variability can also have stabilizing 655 effects on the coexistence between cryptic nematode species. In addition to these 656 deterministic variations in environment, the ephemeral nature of the Fucus habitat on which 657 the species live induces strong stochastic variability in the environment. The coexistence of 658 Pm1 and Pm3 is therefore likely to be determined by both resource partitioning and 659 differential responses to abiotic changes. Although microbiome differentiation was less 660 straightforward between Pm1 and Pm2, phylogeographic data revealed that Pm2 has a more 661 widespread distribution than the two other species, suggesting it has a broader 'abiotic' niche 662 than the other species. The microbiome of Pm2 was also not differentiated from either of the 663 two other species.
664
Methodological considerations 665 Our understanding of the degree of resource selectivity in nematode feeding behavior is gene survey approach used here allows to assess selective feeding behaviour of single 675 nematode specimens, which has not been possible with methods widely used to assess 676 resource use (e.g. stable isotope analysis). However, our results also show the presence of a 677 highly diverse endosymbiont community that differs substantially among individuals. Our 678 morphological investigation of the bacteria on the cuticula detected only few bacterial 679 morphotypes suggesting that most of the microbiome is located inside the body of the worm 680 (see Appendix S12).
681
Conclusion
682
The natural bacterial communities of sympatrically distributed cryptic nematode species are 683 highly diverse and show pronounced intraspecific diversity. The species specific microbiomes 684 may play a role in the different tolerances of the nematode species to abiotic conditions. 685 Importantly, the differences in selective feeding of morphologically similar nematode species Table 1 : Summary of the Permdisp and Permanova statistics between the microbiomes of the 
